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Abstract 

Proton  conducting  membranes  for  a  direct  methanol  fuel  cell  (DMFC)  were  fabricated  from  blends  of  Nation®  and  polybenzimidazole  (PBI)  by 
solution  casting.  Prior  to  dissolution  in  the  casting  solvent,  the  sulfonic  acid  groups  of  the  Nation  component  of  the  blend  were  partially  exchanged 
with  sodium  ions.  The  dependence  of  membrane  proton  conductivity  and  methanol  permeability  on  the  extent  of  proton  substitution  of  Nation 
during  blending  and  on  the  PBI  content  of  the  final  membrane  was  studied.  It  was  found  that  membrane  selectivity  (the  ratio  of  proton  conductivity 
to  methanol  permeability)  was  the  highest  (four  times  that  of  Nation  117)  when  fully  protonated  Nation  was  used  during  blending  and  when  the  PBI 
content  was  8%.  DMFC  performance  of  Nafion-PBI  membranes  (approximately  60  p,m  in  thickness)  was  found  to  be  superior  to  that  of  Nation 
117  at  1.0  and  5.0  M  methanol  feeds. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

A  copolymer  of  tetrafluoroethylene  and  perfluoro(4-methyl- 
3, 6-dioxa-7 -octene- 1- sulfonic  acid)  known  under  the  trade  name 
Nation®  is  the  membrane  material  of  choice  for  most  fuel  cell 
applications.  Nation,  however,  is  costly  and  does  not  work  par¬ 
ticularly  well  in  a  direct  methanol  fuel  cell  (DMFC)  because  of 
its  high  methanol  permeability  (crossover).  Methanol,  that  is  not 
oxidized  electrochemically  at  the  anode,  permeates  through  the 
membrane  and  is  oxidized  chemically  by  oxygen  (from  air)  at 
the  cathode,  resulting  in  significant  fuel  cell  performance  degra¬ 
dation  (a  loss  in  methanol  fuel  utilization  efficiency,  poisoning 
of  the  cathode  by  CO  intermediate,  depolarization  of  the  cath¬ 
ode,  excessive  water  build-up  at  the  cathode,  and  consumption 
of  O2  without  electricity  generation).  While  the  operating  condi¬ 
tions  of  a  DMFC  can  be  optimized  to  minimize,  to  some  extent, 
methanol  crossover  (e.g.  by  the  use  of  dilute  methanol  feed), 
development  of  membrane  materials  with  low  methanol  perme¬ 
ability  is  the  most  obvious  solution  to  the  problem.  This  can  be 
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approached  in  two  general  ways:  (a)  synthesis  of  new  materials 
with  improved  methanol  barrier  characteristics  or  (b)  modifica¬ 
tion  of  existing  materials. 

There  is  extensive  literature  related  to  the  development  of 
new  membrane  materials  with  reduced  methanol  permeability, 
including  sulfonated  or  phosphonated  polyphosphazenes  [1-3], 
sulfonated  poly(arylene  ketone)  [4-7],  sulfonated  poly(arylene 
sulfone)  [8-10],  sulfonated  poly(arylene  sulfide  sulfone)  [11], 
sulfonated  polyimide  [12-15],  sulfonated  styrene  block  copoly¬ 
mers  [16-18],  phosphoric  acid  doped  polybenzimidazole  [19], 
radiation  grafted  polymers  [20-23],  functional  fluoropolymers 
[24]  and  various  blends  [25-28]  and  composites  [29-39].  Upon 
close  inspection  of  the  data  in  these  prior  studies,  it  appears  that 
there  is  a  universal  conductivity-methanol  crossover  correlation, 
where  the  proton  conductivity  decreases  as  the  methanol  barrier 
property  of  the  film  improves.  Thus,  the  thickness  of  a  low  con¬ 
ductivity,  low  methanol  crossover  membrane  would  have  to  be 
reduced  in  order  to  minimize  membrane  resistance  losses  in  a 
fuel  cell,  which  then  negates  the  improved  barrier  properties  of 
the  membrane. 

Alternatively,  numerous  physical  and  chemical  modifications 
of  Nafion  have  been  reported  which  claim  to  reduce  membrane 
methanol  permeability.  These  modifications  include:  partial  sub- 
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stitution  of  the  sulfonic  acid  groups  with  Cs+  ions  [40],  Pd 
coating  [41,42],  sandwiching  a  Pd  foil  between  two  Nation 
115  films  [43],  incorporating  inorganic  nanoparticles  into  the 
polymer  [44-53],  interpolymerization  [54,55],  blending  with 
vinylidene  fluoride-hexafluoropropylene  copolymer  [56],  pore 
filling  [57]  and  surface  treatments  [58].  Unfortunately,  a  reduc¬ 
tion  of  methanol  permeability  was  always  accompanied  by  a 
significant  loss  in  proton  conductivity. 

Our  group  has  been  investigating  blended  polymeric  mem¬ 
branes  and  composites  for  DMFC  applications  [26,27,59,60]. 
The  systems  studied  include  sulfonated  polyphosphazene/ 
polyacrylonitrile,  sulfonated  polyphosphazene/polyvinylidene- 
fluoride,  sulfonated  polyphosphazene/polybenzimidazole  and 
various  Nation  blends. 

As  an  alternative  to  searching  for  better  polyelectrolyte 
chemistry,  one  can  combine  (blend)  existing  polymers  (one  of 
which  is  a  proton  conductor  like  Nation)  in  such  a  way  as  to 
make  use  of  either  interfacial  or  geometrical  synergistic  effects 
of  polymer-polymer  interactions.  Advantageous  morphologies 
would  improve  methanol  fuel  cell  performance  by  restricting, 
for  example,  the  Nation  component  swelling  of  a  blend  in  such 
a  way  that  the  decrease  in  methanol  crossover  is  far  greater  than 
the  concomitant  reduction  in  proton  conductivity. 

We  have  already  shown  [60]  that  membrane-electrode  assem¬ 
blies  fabricated  from  blended  Nafion-FEP  membranes  gen¬ 
erated  power  density  that  were  similar  to  or  better  than  that 
of  Nation  117,  with  35-50%  less  methanol  crossover.  Also, 
for  these  membranes,  the  Nafion  component  content  in  the 
blend  was  reduced  by  a  factor  of  8,  as  compared  to  a  com¬ 
mercial  Nafion  117  membrane.  Therefore,  blending  of  Nafion 
with  FEP  leads  not  only  to  improvement  in  fuel  cell  perfor¬ 
mance,  but  also  to  significant  reduction  of  membrane/MEA 
costs. 

In  the  present  paper,  the  properties  and  direct  methanol  fuel 
cell  performance  of  Nafion-polybenzimidazole  (Nafion-PBI) 
membrane  blends  are  presented.  In  contrast  to  the  Nafion-FEP 
system  where  the  immiscibility  of  the  components  was  evi¬ 
dent,  greater  compatibility  of  Nafion  and  PBI  was  expected 
due  to  the  possibility  of  acid-base  interactions  between  imida¬ 
zole  nitrogens  and  sulfonic  acid  protons.  PBI  should  function 
in  such  a  system  as  a  crosslinker  with  the  resultant  reduc¬ 
tion  of  swelling  and  methanol  permeability.  It  has  already  been 
demonstrated  that  membranes  prepared  from  various  acid-base 
polymer  blends  offered  good  mechanical  properties  and  compet¬ 
itive  fuel  cell  performance  [61-65].  Hobson  and  coworkers  [66], 
for  example,  showed  that  surface  treating  Nafion  1 17  with  a  PBI 
solution  yielded  membranes  with  reduced  methanol  crossover, 
but  the  maximum  power  density  in  a  DMFC  was  very  low 
(21-22  mW  cm-2  with  2.0  M  methanol  at  60  °C).  Membrane 
fabrication  relied  on  an  acid-base  complexation  mechanism 
shown  schematically  in  Fig.  1.  Due  to  the  basic  character  of  the 
imidazole  nitrogen,  partial  or  complete  transfer  of  the  proton 
from  the  sulfonic  group  occurs  with  the  resultant  formation  of 
a  hydrogen  or  ionic  bond.  Unfortunately,  involvement  of  some 
fraction  of  the  sulfonic  acid  groups  in  PBI  crosslinking  leads 
to  an  unavoidable  decrease  in  the  effective  ion-exchange  capac¬ 
ity  and  proton  conductivity  of  the  blended  films  which  must  be 
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Fig.  1.  Acid-base  complex  formation  mechanism  between  the  sulfonic  acid 
group  of  Nafion  and  the  imidazole  nitrogen  of  PBI. 


taken  into  account  when  considering  the  optimum  PBI  content 
of  the  final  membrane. 

2.  Experimental 

2.7.  Membrane  preparation 

Dry  Nafion  powder  was  obtained  by  evaporating  the  solvent 
from  a  commercial  Nafion  solution  (Liquion  -  1 100,  a  15  wt.% 
Nafion  solution,  purchased  from  Ion  Power  Inc.,  Bear,  Delaware, 
USA).  Next,  the  Nafion  powder  was  equilibrated  in  an  aqueous 
NaCl/HCl  solution  with  a  pre-set  Na+/H+  concentration  ratio. 
There  was  partial  exchange  of  protons  with  sodium  cations  on 
Nafion  ion-exchange  sites,  establishing  the  protonation  degree  of 
the  Nafion  polymer.  The  substituted  Nafion  was  dried  and  mixed 
with  an  appropriate  amount  of  PBI  (Aldrich)  in  DM  Ac  solvent. 
Membranes  were  solution  cast  into  a  glass  dish  and  the  solvent 
was  evaporated  at  80  °C.  Dried  films  were  annealed  at  150  °C 
for  3  h.  The  resultant  membranes  (50-100  pan  in  dry  thickness) 
were  removed  from  the  glass  dish  and  conditioned  by  boiling 
in  1  M  H2SO4  followed  by  extensive  washings  with  de-ionized 
water  (during  the  acid  boiling  step,  all  Na+  is  removed  from  the 
membranes).  Membranes  were  stored  at  room  temperature  in 
water  for  later  use. 

2.2.  Protonation  degree 

A  known  weight  of  dry  Nafion  polymer  that  had  been  previ¬ 
ously  soaked  in  a  NaCl/HCl  solution  (0. 2-0.4  g  of  polymer  with 
ion-exchange  groups  in  SO3H  and  SC^Na  forms)  was  placed  in 
50  ml  of  a  2.0  M  NaCl  solution  at  25  °C  and  shaken  occasionally 
for  48  h.  Three  10  ml  solution  samples  were  then  removed  and 
the  amount  of  H+  released  by  the  polymer  was  determined  by 
titration  with  0.01  M  NaOH.  The  ion-exchange  capacity  (IEC)  of 
the  sample  was  calculated  according  to  the  following  equation: 

_i  0.05v 

IEC  (mmol  g  )= -  (1) 

Wl  dry 

where  v  (ml)  is  the  endpoint  volume  of  0.01  M  NaOH  (aver¬ 
age  of  the  three  titrations),  and  m&vy  (g)  is  the  dry  weight 
of  the  polymer  sample.  The  protonation  degree  was  then 
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determined,  as 


IEC 

protonation  degree  (%)  =  - 

IEC  of  fully  protonated  Nation 


x  100 

(2) 


(2  nm  thickness)  and  imaged  on  a  Hitachi  S4500  scanning  elec¬ 
tron  microscope  at  5  kV. 

2. 7.  Wide  angle  X-ray  scattering 


where  the  IEC  of  fully  protonated  sample  is  0.91  mmolg-1. 

2.3.  Proton  conductivity 

The  proton  conductivity  of  water-equilibrated  Nation  and 
Nafion-PBI  membranes  was  measured  in  the  lateral  (in-plane) 
direction  by  an  ac  impedance  technique  using  an  open-frame, 
two-electrode  cell  [67].  The  mounted  sample  was  immersed  in 
deionized  water  at  room  temperature  and  measurements  were 
made  at  1  KHz  using  an  Agilent  4338B  milliohmmeter. 

2.4.  Membrane  water  swelling 

Equilibrium  water  swelling  (denoted  as  W,  with  units  of 
g  sorbed  water  g-1  of  dry  membrane)  was  determined  at  25  °C 
according  to: 

w  =  Wwet  ~  Wdfy  (3) 

^dry 

where  mwe t  and  m^y  are  the  weights  of  the  water  swollen  and 
dry  membrane  samples  (all  in  the  SO3H  form),  respectively. 


2.5.  Methanol  permeability 


Methanol  permeability  of  membranes  was  measured  using 
a  custom-built  two-compartment  diffusion  cell  that  was  ther- 
mostated  at  60  °C.  The  membrane  was  clamped  vertically 
between  two  glass  compartments,  each  compartment  contain¬ 
ing  a  magnetic  stirring  bar  for  solution  agitation.  The  feed 
compartment  was  filled  with  1.0  M  methanol  and  the  receiv¬ 
ing  chamber  contained  de-ionized  water.  The  solution  in  the 
receiving  compartment  was  circulated  continuously  through 
a  differential  refractometer  for  real-time  determination  of  the 
methanol  concentration.  Methanol  permeability  (P),  with  units 
of  cm2  s_1,  was  found  by  first  determining  the  slope  of  a 
ln[  1/(1  —  CR(0(1  +  Vr/Vl))]  versus  t  plot  (where  Cr(0  is  the 
methanol  concentration  in  the  receiving  compartment  at  a  given 
time  (t)  after  the  start  of  a  permeation  experiment,  Vl  the  solution 
volume  in  the  methanol  feed  chamber,  and  Vr  is  the  total  volume 
of  the  receiving  compartment  and  refractometer  recirculation 
loop)  and  then  substituting  the  slope  into  the  following  formula: 


A 


sloped 


VL  ^  Vr 


where  A  is  the  membrane  area,  and  8  is  the  water-equilibrated 
membrane  thickness. 


Wide  angle  X-ray  scattering  (WAXS)  spectra  were  obtained 
using  a  Rigaku  D/MAX-2000  diffractometer  operated  at  45  KV 
and  40  mA,  with  a  Cu  anode.  The  scan  range  was  5-25°  and  the 
scan  rate  was  0.25°  min-1 .  Dry  membrane  samples  were  placed 
horizontally  on  a  zero  background  quartz  plate  and  measure¬ 
ments  were  taken  at  25  °C. 

2.8.  MEA  fabrication 

A  two  layer  catalyst  system  was  used  for  both  the 
anode  and  cathode.  The  first  anode  layer  was  composed  of 
platinum-ruthenium  alloy  (1:1,  Alfa  Aesar)  with  7  wt.%  Nation 
ionomer  (5%  solution  from  Aldrich)  that  was  deposited  onto 
an  A-6  ELAT/S  S/NC/V2  carbon  cloth  (E-TEK),  where  the  cat¬ 
alyst  loading  was  3.0  mg  cm-2.  The  second  layer,  which  was 
painted  directly  on  the  first,  contained  platinum-ruthenium  alloy 
and  30  wt.%  Nation  ionomer  (5%  solution,  Aldrich)  at  a  load¬ 
ing  of  1.0  mg  cm-2.  A  thin  film  of  Nation  ionomer  (1-2  pan 
thick)  was  painted  over  the  second  catalyst  layer.  Similarly,  the 
two-layer  cathode  was  made  using  platinum  black  catalyst  ink 
and  an  A-6  ELAT/S  S/NC/V2  carbon  cloth,  where  the  first  layer 
(3.0  mg  cm-2)  contained  7  wt.%  Nation  and  the  second  layer 
(1.0  mg  cm-2)  contained  40  wt.%  Nation.  As  in  the  case  of  the 
anode,  the  second  Pt-black  layer  was  coated  with  a  thin  film  of 
Nation.  Both  the  anode  and  cathode  were  dried  at  140  °C  for 
20  min,  soaked  in  1 .0  M  H2SO4  for  1  h,  washed  thoroughly  with 
distilled  water,  and  finally  hot-pressed  onto  a  Nafion-PBI  mem¬ 
brane  at  140  °C  and  500  psi  for  3  min,  where  the  Nation  film  on 
each  electrode  contacted  directly  the  blend  membranes. 

2.9.  Direct  methanol  fuel  cell  tests 

Steady- state  current  density/voltage  data  were  collected 
using  a  single  cell  test  station  (Scribner  Series  890B)  with  mass 
flow  and  temperature  control.  The  fuel  cell  (5.0  cm2  MEA  geo¬ 
metric  area)  operated  at  60  °C,  with  1  and  5  M  methanol  (at  a 
flow  rate  of  2  ml  min-1)  and  humidified  air  (70  °C  humidifica¬ 
tion  bottle  temperature  and  atmospheric  pressure,  at  a  flow  rate  of 
500  seem).  Current-voltage  data  were  collected  during  the  first 
5-10  h  of  fuel  cell  operation  and  reflect  the  initial  performance 
of  the  membranes  in  a  DMFC.  The  methanol  crossover  flux  was 
determined  by  measuring  the  carbon  dioxide  concentration  in  the 
cathode  air  exhaust  at  open  circuit,  using  a  Vaisala  GMM12B  or 
GMM220A  CO2  detector.  The  sensor  was  calibrated  with  ref¬ 
erence  CO2/N2  gas  mixtures  containing  400-5000  ppm  CO2. 

3.  Results  and  discussion 


2.6.  Scanning  electron  microscopy  (SEM) 

Dry  membranes  were  manually  fractured  after  cooling  in 
liquid  nitrogen.  Specimens  were  sputter  coated  with  palladium 


The  blend  membrane  fabrication  procedure  involved  sev¬ 
eral  steps  of  which  the  control  of  the  initial  concentration  of 
SO3H  versus  SC^Na  groups  in  the  Nation  powder  was  the  most 
important.  If  the  casting  solution  contained  the  fully  protonated 
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Fig.  2.  Turbid  suspension  of  Nafion(H+)-PBI  which  gave  a  transparent  recast 
film,  while  a  transparent  solution  of  Nafion(Na+)-PBI  produced  a  translucent 
membrane. 


form  of  Nafion,  then  a  turbid  suspension  was  formed  immedi¬ 
ately  upon  addition  of  PBI  (i.e.  there  was  partial  precipitation  of 
the  Nafion-PBI  crosslinked  complex).  After  solvent  evaporation 
and  annealing,  a  clear  and  strong  film  was  obtained  from  this  sus¬ 
pension  (see  Fig.  2).  On  the  other  hand,  if  the  casting  solution 
contained  Nafion  that  was  fully  exchanged  with  sodium  ions, 
then  the  casting  solution  was  clear,  with  a  brownish  tint.  After 
solvent  evaporation  and  annealing,  a  translucent  or  opaque  film 
was  obtained  that  became  quite  elastic  after  swelling  with  water. 
In  general,  we  found  that  membranes  with  near  zero  protona¬ 
tion  degree  were  elastic  (rubbery)  in  the  water- swollen  state  for 
all  PBI  contents  (1-8  wt.%),  whereas  membranes  with  a  pro¬ 
tonation  degree  >40%  were  stronger  and  exhibited  increasing 
stiffness  with  increasing  wt.%  PBI.  These  observations  indi¬ 
cated  the  importance  of  the  initial  protonation  degree  of  the 
Nafion  component  of  the  blend  on  the  properties  of  the  final 
membrane. 

3.1.  H+/Na+  partitioning 

In  order  to  prepare  Nafion  powder  with  a  controlled  pro¬ 
tonation  degree,  an  experiment  was  designed  to  determine  the 
Nafion  partitioning  equilibrium  for  external  HCl/NaCl  solutions 
of  varying  composition.  The  resulting  absorption  isotherm  is 
shown  in  Fig.  3.  Preferential  absorption/substitution  was  not 
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Fig.  3.  Ion-exchange  isotherms  obtained  for  the  dry  Nafion  powder  (full  circles) 
and  Nafion  117  (open  circles). 


observed  and  the  concentration  ratio  of  Na+/H+  in  the  membrane 
mirrored  that  in  the  solution.  As  a  check  on  this  result,  salt/acid 
uptake  experiments  were  performed  with  a  commercial  Nafion 
117  membrane  and  similar  results  were  obtained,  as  shown  in 
Fig.  3.  A  similar  trend  was  reported  by  Okada  et  al.  [68].  It 
was  surprising  that  the  partitioning  equilibrium  was  the  same 
for  a  commercial  Nafion  117  membrane  and  an  un-annealed 
Nafion  powder.  It  is  known  [69-71]  that  there  are  physico¬ 
chemical  differences  between  Nafion  117  and  a  recast  Nafion 
film  (prior  to  annealing).  Based  on  the  above  results,  it  can  be 
concluded  that  the  ion-exchange  group  morphological  details 
were  not  important  in  establishing  the  Na+/H+  partitioning 
equilibrium. 

3.2.  Water  swelling 

The  primary  purpose  of  blending  Nafion  with  PBI  was  to 
reduce  its  swelling  and  thus  decrease  its  methanol  permeabil¬ 
ity.  The  dependence  of  Nafion-PBI  membrane  water  content  on 
the  combined  effects  of  PBI  content  and  the  initial  protonation 
degree  is  shown  in  Fig.  4.  The  swelling  decreased  from  a  high  of 
approximately  0.44  (when  the  membrane  was  made  with  Nafion 
powder  in  the  sodium  form  only  with  1  %  PBI)  to  a  minimum  of 
0.15  (Nafion  powder  in  the  acid  form  only  with  8%  PBI).  At  a 
given  initial  protonation  degree  of  the  Nafion  powder,  there  was 
a  decrease  in  swelling  with  increasing  PBI  content.  Similarly, 
there  was  a  decrease  in  swelling  with  protonation  degree  at  a 
given  PBI  content.  At  the  highest  PBI  loading  (8  wt.%),  the  sen¬ 
sitivity  of  membrane  swelling  to  the  initial  Nafion  protonation 
degree  was  the  most  pronounced.  Not  surprisingly,  the  depen¬ 
dence  of  water  swelling  on  PBI  content  is  stronger  when  the 
initial  protonation  degree  of  Nafion  is  higher  (i.e.  when  there 
are  more  SO3H  groups  in  Nafion,  there  is  more  complexation 
with  PBI).  The  water  swelling  of  membranes  with  near  zero 
initial  protonation  degree  and  1-3%  PBI  were  greater  than  that 
of  commercial  Nafion  117  (0.32  swelling).  These  membranes 
were  also  more  elastic  (rubbery)  than  those  with  a  higher  initial 
concentration  of  SO3H.  As  will  be  discuss  below,  it  appears 
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Fig.  4.  Dependence  of  membrane  water  swelling  on  the  Nation  powder  proto¬ 
nation  degree  and  PBI  content. 


Fig.  5.  Membrane  proton  conductivity  as  a  function  of  the  Nation  powder  pro¬ 
tonation  degree  and  PBI  content. 


that  there  was  less  Nation  crystallization  during  membrane 
annealing  when  the  initial  Nation  polymer  was  in  the  SC^Na 
form.  It  can  be  concluded  that  both  the  protonation  degree 
and  the  PBI  content  have  significant  influence  on  the  blended 
membrane  water  swelling  properties  and  that  membranes  with 
a  low  initial  protonation  degree  swell  more  than  commercial 
Nation. 

3.3.  Proton  conductivity 

It  is  known  that  proton  conductivity  of  sulfonic  acid  poly¬ 
electrolytes  is  strongly  dependent  on  water  content  (membrane 
swelling).  As  shown  in  Fig.  4,  a  significant  reduction  in  water 
content  was  observed  for  membranes  containing  more  than  4% 
PBI  when  the  protonation  degree  was  >40%.  The  dependence 
of  proton  conductivity  on  protonation  degree  and  PBI  con¬ 
tent  (Fig.  5)  showed  a  similar  trend.  The  proton  conductivity 
decreased  with  increasing  PBI  content  and  initial  protonation 
degree  from  a  maximum  value  of  0. 1 1  to  a  minimum  value  of 
0.015  S  cm-1  (at  100%  initial  protonation  and  8  wt.%  PBI).  The 
proton  conductivity  of  a  reference  sample  of  Nation  117  mem¬ 
brane  was  measured  at  0.10  S  cm-1  which  is  slightly  less  than 
that  obtained  with  Nafion-PBI  blends  with  near  zero  protona¬ 
tion  degree  and  1-2  wt.%  PBI  (i.e.  those  membranes  that  swelled 
more  than  Nation  117  exhibited  a  conductivity  greater  than  com¬ 
mercial  Nation). 

3.4.  Methanol  permeability 

The  results  presented  in  Fig.  6  show  that  crosslinking 
Nation  with  PBI  effectively  decreased  methanol  permeability. 
When  the  initial  protonation  degree  was  >40%,  the  methanol 
permeability  was  significantly  less  than  that  in  commercial 
Nation  117  (3.6  x  10  6  cm2  s  1 ).  The  methanol  permeability 
of  a  membrane  at  zero  protonation  degree  and  1  wt.%  PBI,  was 
greater  than  that  of  commercial  Nation  (as  was  the  case  for  the 


proton  conductivity).  The  relative  selectivity  of  the  Nafion-PBI 
membranes  (defined  as  the  ratio  of  proton  conductivity  and 
methanol  permeability  as  compared  to  a  similar  ratio  for  Nation 
117  [72])  ranged  from  0.9  for  a  membrane  containing  1  wt.% 
PBI  and  0%  initial  protonation  to  4.0  when  the  membrane 
contained  8  wt.%  PBI  and  Nation  was  initially  in  the  SO3H 
form  (100%  protonation).  The  use  of  the  highest  selectivity 
blends  in  a  fuel  cell  would  necessitate  the  use  of  an  ultra-thin 
membrane  (<20  pan  in  thickness)  to  sufficiently  lower  the  MEA 
sheet  (areal)  resistance.  Thicker  membranes  (50-100  pan)  were 
employed  in  the  present  study  (for  ease  of  handling  and  MEA 
fabrication),  where  the  optimum  selectivity  of  1. 5-2.0  could  be 
achieved  with  3-7  wt.%  PBI  and  an  initial  protonation  degree 
>40%. 


Fig.  6.  Dependence  of  the  membrane  methanol  permeability  (at  60  °C)  on  the 
Nation  powder  protonation  degree  and  PBI  content. 
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Fig.  7.  Scanning  electron  micrographs  of  Nafion-PBI  membrane  samples  containing  4  and  8%  PBI,  prepared  from  fully  sodium  exchanged  and  fully  protonated 
Nation  powder. 


3.5.  S EM  micrographs 

As  shown  in  Fig.  2,  membranes  prepared  from  Nafion  that 
was  fully  exchanged  with  sodium  ions  were  translucent  or 
opaque,  while  those  prepared  from  fully  protonated  Nafion  were 
transparent.  It  was  important  to  determine  the  morphological  ori¬ 
gins  of  these  visual  differences.  Scanning  electron  microscopy 
was  used  to  analyze  the  micro-topography  of  membrane  cross- 
sections.  Representative  micrographs  are  shown  in  Fig.  7.  It  is 
clearly  seen  in  the  upper  micrographs  that  sub-micron  domains 
are  present,  which  explains  the  observed  translucency  of  mem¬ 
branes  prepared  from  fully  sodium  exchanged  Nafion  powder. 
The  domain  size  and  domain  density  increase  when  the  PBI 
content  increases  from  4-8wt.%.  A  micro-domain-like  struc¬ 
ture  was  not  observed  in  blends  prepared  from  fully  protonated 
Nafion  powder  (lower  micrographs  in  Fig.  7).  These  membranes 
were  transparent  but  became  brittle  (in  the  dry  state)  as  the  PBI 
content  approached  8%.  The  presence  of  micro-domains  or  the 
lack  thereof  can  be  explained  in  terms  of  the  interactions  between 
the  sulfonic  acid  groups  of  Nafion  and  the  imidazole  units  of 
PBI.  When  fully  sodium  exchanged,  there  are  no  acidic  protons 
in  Nafion  and  no  specific  interactions  between  the  sulfonate  salt 
and  imidazole  groups.  When  the  solvent  was  evaporated,  a  phase 
separation  occurred  with  the  resultant  precipitation  of  PBI  in  the 
form  of  small  domains.  The  situation  was  different  when  fully 
protonated  Nafion  was  mixed  in  solution  with  PBI.  Due  to  strong 
acid-base  interactions,  some  precipitation  of  Nafion-PBI  com¬ 
plex  began  immediately  but  no  phase  separation  occurred  during 
solvent  evaporation.  Nodules  of  Nafion-PBI  complex  might  be 


expected  in  the  resultant  dry  membrane  but  were  not  observed  in 
the  SEMs;  interactions  between  PBI  and  Nafion  prevented  exten¬ 
sive  phase  separation,  hence  homogeneous,  transparent  films 
formed. 

3.6.  X-Ray  diffraction 

Nafion  is  a  semicrystalline  polymer  and  blending  with 
another  polymer  could  influence  its  degree  of  crystallinity.  Addi¬ 
tionally,  the  annealing  conditions  (time  and  temperature)  are 
known  to  affect  the  crystallinity  properties  of  recast  Nafion  films 
[73-75].  In  Fig.  8a  and  b,  two  sets  of  WAXS  diffractograms 
are  shown  (4wt.%  PBI  and  different  protonation  degrees,  and 
40%  protonation  degree  with  different  PBI  contents).  The  two 
thin,  vertical  lines  in  each  diffractogram  mark  the  position  of 
an  amorphous  halo  and  the  crystalline  peak  for  Nafion  (15.5 
and  17.5°,  respectively).  It  can  be  seen  in  Fig.  8a  that  the  crys¬ 
tallinity  increased  when  the  protonation  degree  was  raised  from 
0  to  100%.  This  effect  can  be  explained  by  the  annealing  temper¬ 
ature  for  the  blended  films  (150  °C),  which  was  greater  than  the 
To  of  the  fully  protonated  form  of  Nafion  (100  °C)  but  below  that 
for  Nafion  in  the  sodium  form  (250  °C  [76]).  Thus,  as  the  initial 
protonation  degree  was  increased,  the  structural  reorganization 
of  recast  Nafion  was  more  efficient,  leading  to  a  higher  degree  of 
crystallinity.  There  was  a  decrease  in  crystallinity  with  increas¬ 
ing  PBI  content  for  a  constant  protonation  degree  (Fig.  8b);  at 
the  highest  PBI  content  (8  wt.%),  the  crystalline  peak  nearly  dis¬ 
appeared  and  the  entire  convolute  shifted  to  lower  angles.  This 
result  indicates  that  the  strongly  interacting  PBI  component  of 
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Fig.  8.  Wide  angle  X-ray  diffractograms  of  dry  Nafion-PBI  membranes:  (a)  effect  of  the  powder  protonation  degree,  (b)  effect  of  PBI  content. 


the  blended  films  perturbed  the  crystallization  process  of  Nafion 
during  annealing,  particularly  at  the  highest  PBI  content. 

3. 7.  DMFC  tests 

Representative  DMFC  voltage-current  density  curves  for 
three  Nafion-PBI  membranes  of  different  PBI  content  are  shown 
in  Fig.  9,  along  with  reference  curves  of  Nafion  112  and  117 
based  ME  As.  The  blended  membranes  were  fabricated  from 
fully  protonated  Nafion  and  their  thickness  was  between  60  and 
70  pan.  The  MEA  fabricated  from  a  3  wt.%  PBI  membrane  deliv¬ 
ered  the  highest  power  density,  which  was  greater  than  that  with 
either  of  the  two  Nafion  ME  As.  As  the  PBI  content  of  a  blended 
membrane  was  increased,  the  ohmic  resistance  increased  and 
the  DMFC  performance  decreased.  All  of  the  Nafion-PBI  mem¬ 
branes  exhibited  a  lower  methanol  crossover  than  that  of  Nafion 
117  even  though  the  blended  films  were  two-four  times  thinner 
than  Nafion  117  (1.25-1.5  times  lower  crossover,  as  compared 
to  Nafion  117  and  2. 0-2. 7  times  lower  crossover,  as  compared  to 
Nafion  112).  The  relatively  high  open-circuit  voltage  observed 
for  all  the  blend  membranes  (>0.8  V)  is  an  indication  of  a  signifi- 


Fig.  9.  Effect  of  PBI  content  on  the  DMFC  performance  of  Nafion-PBI  mem¬ 
brane  samples  prepared  from  fully  protonated  Nafion  powder,  with  3,  5  and  7% 
PBI.  Crossover  is  expressed  as  a  relative  fraction  of  the  methanol  flux  observed 
for  a  Nafion  117  membrane  at  the  fuel  cell  operation  conditions.  R  denotes  the 
areal  resistance  (£2  cm2). 


cantly  lower  methanol  crossover  as  compared  to  the  both  Nafion 
membranes  tested. 

It  should  be  noted  that  methanol  crossover  had  a  significant 
impact  on  the  DMFC  performance  curves.  Although  the  areal 
resistance  (membrane  thickness  divided  by  conductivity)  of  the 
membrane  containing  7  wt.%  PBI  was  nearly  four  times  greater 
than  that  of  Nafion  112,  the  V-i  curve  was  only  slightly  below 
that  of  Nafion  112  because  of  a  significant  reduction  (ca.  37%) 
in  methanol  crossover.  Similarly,  the  V-i  curve  for  Nafion  117 
lies  above  that  of  Nafion  112  membrane,  where  the  increased 
ohmic  loss  for  the  thicker  membrane  (Nafion  117)  is  offset  by 
its  greater  methanol  barrier  property. 

Another  set  of  fuel  cell  performance  curves  is  shown  in 
Fig.  10,  where  MEAs  were  made  from  Nafion-PBI  blends  (40% 
protonation  degree  with  6  wt.%  PBI)  of  three  different  thick¬ 
nesses  (55, 75  and  117  pan).  The  best  DMFC  result  was  obtained 
with  the  75  jxm  thick  membrane.  Both,  the  thickest  and  the 
thinnest  membranes  gave  lower  power  densities.  Ohmic  resis¬ 
tance  affects  dominated  for  the  thickest  film  (the  areal  resistance 
of  the  117  p,m  membrane  was  more  than  50%  greater  than  for  the 
thinnest  blend),  whereas  the  methanol  crossover  in  the  55  pun 
was  too  high  (more  than  twice  that  of  the  thickest  film).  Thus, 
the  choice  of  membrane  thickness  in  a  DMFC  MEA  is  criti- 


Fig.  10.  Membrane  thickness  effect  on  the  fuel  cell  performance.  Nafion-PBI 
membranes  contained  6%  PBI  and  were  prepared  from  40%  protonated  Nafion 
powder. 
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Current  Density  (A/cm2) 

Fig.  11.  DMFC  performance  comparison  of  Nafionl  17  and  Nafion-PBI  mem¬ 
branes  at  two  methanol  feed  concentrations  (1.0  and  5.0  M).  The  Nafion-PBI 
membrane  contained  5%  PBI  and  was  prepared  from  40%  protonated  Nahon 
powder,  with  a  wet  thickness  of  80  [xm. 

cal,  where  competing  effects  of  power  loss  due  to  membrane 
resistance  and  power  gain  due  to  the  reduced  crossover  must  be 
considered. 

Due  to  the  unacceptably  high  methanol  permeability  of  com¬ 
mercial  Nation  membranes  most  DMFC  tests  are  performed 
with  relatively  dilute  aqueous  methanol  solutions  (typically  0.5 
or  1.0  M).  A  blended  Nafion-PBI  membrane  (6  wt.%  PBI  with 
Nation  40%  in  the  protonated  form)  was  tested  in  a  DMFC  at  a 
methanol  feed  concentration  of  5.0  M.  The  results  of  the  5.0  M 
experiments  are  shown  in  Fig.  11,  along  with  fuel  cell  perfor¬ 
mance  curves  for  Nation  117  and  data  for  a  1.0  M  methanol 
feed.  The  superiority  of  the  blended  film  is  evident,  with 
the  Nafion-PBI  membrane  outperforming  Nation  117  at  5M 
methanol,  although  blended  and  non-blended  Nations  performed 
equally  well  (based  on  power  output)  at  1.0  M  feed  methanol. 
When  the  methanol  feed  concentration  was  increased  from  1 .0 
to  5.0  M,  the  methanol  crossover  flux  through  the  Nafion-PBI 
membrane  (already  lower  than  that  of  Nation  at  1 .0  M)  increased 
by  a  factor  of  4,  whereas  the  flux  through  Nation  117  at  5.0  M 
was  five  times  greater  than  that  at  1.0  M. 

4.  Conclusions 

Proton  conducting  membranes  for  use  in  a  direct  methanol 
fuel  cell  were  successfully  fabricated  from  blends  of  Nation  and 
polybenzimidazole  (PBI).  The  membrane  proton  conductivity 
and  methanol  permeability  was  dependent  on  the  Nation  proto¬ 
nation  degree  prior  to  blending  and  on  the  PBI  content.  Mem¬ 
brane  selectivity  (defined  as  the  ratio  of  proton  conductivity  to 
methanol  permeability)  was  up  to  four  times  greater  than  that  of 
Nation  117,  which  was  a  favorable  predictor  of  better  DMFC  per¬ 
formance.  The  energy  density  output  with  a  blended  membrane 
containing  4-6  wt.%  PBI  (with  a  Nation  protonation  degree  of 
40%)  was  somewhat  better  than  Nafion  117  at  1.0  M  methanol 
and  significantly  better  at  5.0 M  methanol.  The  blended  mem¬ 
branes  out-performed  Nafion  112  at  both  1.0  and  5.0  M  feeds. 


Methanol  crossover  in  the  blended  films  was  1 .2-2.7  times  lower 
than  those  in  Nafion  117/112.  The  Nafion-PBI  membranes  were 
approximately  four  times  thinner  than  Nafion  117,  which  means 
that  the  ME  As  contained  four  times  less  expensive  fluoropoly- 
mer,  which  is  an  additional  advantage  of  the  blended  system. 
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